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BAHCC1 Drives Smooth Muscle Plasticity and 
Neointima via Epigenetic Repression
Runze Tang , Yitao Huang , Takuro Shirasu, Jing Li , Amy Webb , Kaiyuan Zheng , Chengli Shen ,  
Yiran Guo , Gaelle Auguste , Patrick Hart , Maria Murach, Xinyu Zhou , Jianjie Ma, K. Craig Kent ,  
Gang Greg Wang , Jie Yang , Clint L. Miller , Kathleen Ann Martin , Lian-Wang Guo

BACKGROUND: Vascular smooth muscle cell (SMC) phenotypic plasticity drives neointimal hyperplasia (IH) and contributes to 
atherosclerosis. Epigenetic mechanisms have been implicated in SMC plasticity, but the roles of epigenetic reader proteins 
are poorly understood. BAHCC1 (bromo adjacent homology domain coiled-coil 1) is a newly identified reader of the gene-
repression histone mark histone-3 lysine 27 trimethylation (H3K27me3). Its role in vascular remodeling is unknown.

METHODS: We investigated BAHCC1 in human restenotic and atherosclerotic arteries and in rat and mouse arterial injury 
models using BAHCC1 silencing, SMC-specific deletion, and an H3K27me3-binding-deficient knock-in mutation. 
Mechanistic studies in human aortic SMCs integrated transcriptomic and epigenomic profiling, protein-interaction assays, 
and single-guide RNA-dCas9-based epigenetic editing.

RESULTS: BAHCC1 was upregulated in human restenotic and atherosclerotic arteries and rat arteries with IH. While BAHCC1 
silencing reduced IH in balloon-injured rat arteries, SMC-specific BAHCC1 deletion and the H3K27me3-binding-deficient 
mutation (BAHCC1Y2537A) attenuated IH in wire-injured mouse arteries. In human SMCs, mitogen induced BAHCC1 
expression through nuclear factor Y subunit-α, promoting BAHCC1-dependent dedifferentiation. Integrated transcriptomics 
and epigenomics identified LMO7 (LIM domain only 7), an IH suppressor, as a key BAHCC1-repressed target. BAHCC1 
occupancy at LMO7 required BAHCC1-H3K27me3 interaction, and LMO7-targeted H3K27me3 enrichment through 
epigenetic editing repressed its expression in a BAHCC1-dependent manner. Furthermore, BAHCC1 associated with SAP30 
and RBBP4/7 to form a corepressor complex. Functionally, LMO7 silencing reversed the effects of BAHCC1 knockdown 
on human SMC phenotype and exacerbated IH in BAHCC1Y2537A mice. Human genetic analyses further identified BAHCC1 
variants associated with cardiovascular phenotypes and BAHCC1 expression.

CONCLUSIONS: BAHCC1 is a previously unrecognized epigenetic driver of vascular remodeling. By reading H3K27me3 and 
recruiting corepressors to repress gene expression, BAHCC1 promotes pathological SMC phenotypic transition and IH, 
highlighting the BAHCC1 pathway as a potential therapeutic target for IH-associated vascular disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Atherosclerosis remains a leading cause of morbid-
ity and mortality worldwide. Common interventions, 
such as angioplasty and bypass grafting, aim to 

restore blood flow but are often compromised by reste-
nosis due to neointimal hyperplasia (IH).1 This pathologi-
cal response contributes to adverse outcomes, including 
heart failure and stroke. In the United States, the only 

approved anti-restenotic therapies are drug-eluting 
stents and drug-coated balloons.2 However, these inter-
ventions have limitations, including in-stent restenosis, 
potential stent thrombosis and mortality, the require-
ment for dual antiplatelet therapy, reduced effectiveness 
in complex or bifurcated lesions, and limited efficacy in 
patients with diabetes and peripheral vascular disease.3–6 
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Thus, there is an urgent need for alternative therapeutic 
strategies to prevent restenosis.

Unlike terminally differentiated striated muscle cells, 
vascular smooth muscle cells (SMCs) possess remark-
able phenotypic plasticity that allows for adaptive vascular 

remodeling but also contributes to IH. IH is a complex 
process of vascular wall remodeling involving multiple 
cell types, including vascular cells and immune cells, 
with SMC phenotypic changes playing a predominant 
role in injury-induced IH.7–9 During this process, SMCs 
transition from a contractile to a dedifferentiated state, 
acquiring proliferative, migratory, and ECM (extracellular 
matrix)-producing properties that lead to neointima for-
mation that can occlude the lumen.10 This pro-IH SMC 
phenotypic transition is fundamentally driven by epigen-
etic regulation.11 Injury-induced disruptions in the vas-
cular wall microenvironment precipitate distinct histone 
modifications. The reversibility of these epigenetic modi-
fications underlies the reversible phenotypic plasticity of 
SMCs, and suggests promising targets for novel, safe 
therapies.12 However, epigenetic mechanisms underlying 
SMC plasticity and IH are incompletely understood.

Histone H3 lysine-27 trimethylation (H3K27me3) 
is a histone mark that regulates gene repression, epi-
genetic memory, and cell fate transition.13 Although 
DNA methylation and histone acetylation states have 
been extensively studied in the context of IH,14–17 the 
role of H3K27me3 in IH development is not well under-
stood.18, 19 H3K27me3 is deposited by PRC2 (poly-
comb repressive complex 2), with the methyltransferase 

Nonstandard Abbreviations and Acronyms

BAHCC1	 �bromo adjacent homology domain  
coiled-coil 1

CUT&Tag	 �cleavage under targets and 
tagmentation

CVD	 cardiovascular disease
H3K27me3	 histone-3 lysine 27 trimethylation
HAoSMC	 human aortic SMC
IH	 neointimal hyperplasia
LMO7	 LIM domain only 7
NFYA	 �nuclear transcription factor Y subunit 

alpha
sgRNA	 single-guide RNA
SMC	 vascular smooth muscle cell
WT	 wild-type

Novelty and Significance

What Is Known?
•	 Vascular smooth muscle cell (SMC) plasticity is epi-

genetically regulated and central to occlusive vascular 
pathologies, including neointimal hyperplasia (IH) and 
atherosclerosis.

•	 Histone mark histone-3 lysine 27 trimethylation 
(H3K27me3) is a repressive histone modification impli-
cated in IH, but how this epigenetic mark is interpreted 
mechanistically in SMCs remains poorly understood.

•	 The bromo adjacent homology-domain protein 
BAHCC1 (bromo adjacent homology domain coiled-
coil 1) is a recently discovered H3K27me3 reader, but 
its role in vascular disease is unknown.

What New Information Does This Article  
Contribute?
•	 BAHCC1 is induced in vascular SMCs after arterial 

injury and promotes pathological SMC plasticity and IH.
•	 SMC-specific deletion of BAHCC1 or mutational 

disruption of its H3K27me3-reader function attenu-
ates IH, supporting a functional role for BAHCC1-
H3K27me3 reading in vascular remodeling.

•	 BAHCC1 assembles a SAP30-RBBP4/7 corepressor 
complex to repress target gene expression, including 
the IH suppressor LMO7 (LIM domain only 7), which 
mediates the effects of BAHCC1 on SMC plasticity 
and IH.

SMC plasticity is epigenetically regulated and central 
to vessel-narrowing IH in many occlusive vascular 
pathologies. However, how gene-repressive histone 
modifications are interpreted to control SMC pheno-
type remains poorly understood. This study identi-
fies BAHCC1, a recently discovered reader of the 
repressive histone mark H3K27me3, as a previously 
unrecognized regulator of pathological SMC plastic-
ity and IH. Using SMC-specific knockout and knock-
in mouse models, we show that BAHCC1 in SMCs 
and its ability to read H3K27me3 promote IH follow-
ing arterial injury. Mechanistically, BAHCC1 trans-
lates H3K27me3 into gene repression by forming a 
complex with corepressors SAP30 and RBBP4/7 to 
silence genes that restrain pathological SMC transi-
tion. Among these targets, LMO7, an IH suppressor, 
mediates the effects of BAHCC1 on SMC plasticity 
and vascular remodeling, revealing a repression-of-
suppressor mechanism in IH. Thus, our study uncov-
ers a previously unrecognized mechanism linking 
H3K27me3 reading by BAHCC1 to pathological 
SMC plasticity and identifies the BAHCC1 pathway 
as a potential therapeutic target for IH-associated 
vascular disease.
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component being EZH2 (enhancer of zeste homolog 
2) or a related homologous enzyme, EZH120. Readers 
(effectors) that recognize H3K27me3, such as chromo 
domain-containing CBX proteins, were previously 
reported to mediate the establishment and spreading 
of so-called polycomb domains in the genome20. Most 
recently, BAHCC1 (bromo adjacent homology domain 
coiled-coil 1), a scarcely studied protein, was discovered 
to be a specific reader that binds H3K27me3 directly 
through its evolutionarily conserved bromo adjacent 
homology protein module21. BAHCC1 is highly upregu-
lated in human cancers, including hematologic cancer 
and certain solid tumors20-22, promoting proliferation and 
metastasis21. The role of BAHCC1 in the vasculature is 
completely unknown, but we hypothesized that it may be 
implicated in IH, a proliferative pathology. We and oth-
ers have previously shown that pharmacological reduc-
tion of H3K27me3, the histone modification ligand of 
BAHCC1, attenuates IH18, 19, 23. In this study, we explored 
the role of BAHCC1 in SMCs and identified a role in IH 
pathogenesis and downstream target genes that modify 
SMC phenotypic plasticity.

METHODS
Data Availability
Data have been made publicly available at the NCBI Gene 
Expression Omnibus (GSE346675, GSE347071) or from the 
corresponding author upon reasonable request.

Formalin-Fixed, Paraffin-Embedded Human 
Artery Tissue Sections
Formalin-fixed, paraffin-embedded sections were purchased 
from CVPath Institute (Gaithersburg, MD). Restenosis sec-
tions were taken from coronary arteries 5 mm within stent 
ends, and control sections were from nonrestenotic locations. 
Atherosclerotic sections were derived from coronary arteries, 
and control sections were from healthy aortic samples. All sam-
ples were deidentified.

Generation of SMC-Specific BAHCC1 Knockout 
Mice
All animal studies conformed to the Guide for the Care and 
Use of Laboratory Animals (National Institutes of Health, 2011, 
eighth edition). All animal procedures were approved by the 
University of Virginia Animal Care and Use Committee. The 
BAHCC1 floxed mouse line was generated by GemPharmatech 
Co., Ltd (San Diego). The knockout region comprises exons 10 
to 13 of Bahcc1. Myh11-CreERT2-RAD mice24 were purchased 
from The Jackson Laboratory (strain 037658). Bahcc1flox/flox(f/f) 
mice were crossed with Myh11-CreERT2-RAD mice to obtain 
Bahcc1f/f; Myh11-CreERT2-RAD mice. This new line is induc-
ible for SMC-specific BAHCC1 knockout (BAHCC1iSMCKO). 
To induce BAHCC1iSMCKO, 13- to 14-week-old male or female 
Bahcc1f/f; Myh11-CreERT2-RAD mice were fed tamoxifen 
diets (Inotiv, TD.130860) for 10 days at a dose of 40 mg/

kg body weight, followed by a 7-day washout period before 
surgery. Littermate Bahcc1f/f mice were used for the control 
group, which received tamoxifen treatment identical to that of 
the Bahcc1f/f; Myh11-CreERT2-RAD group. All mice were geno-
typed by PCR amplification using DNA extracted from mouse 
ear samples. The specific primers for genotyping are listed in 
the Major Resources Table. Western blot analysis of aortic pro-
tein lysates was performed to confirm BAHCC1 deletion.

Wire Injury of Mouse Femoral Arteries
Wire-mediated vascular injury was performed as we described 
previously25. In brief, the major procedures were as follows: 
anesthetize the mouse with isoflurane through a closed-circuit 
anesthetic apparatus, then place the mouse in a supine position 
with the left hindlimb slightly abducted; make a 1.5-cm straight, 
longitudinal skin incision on the left medial thigh from the knee 
joint to the groin; under a dissecting microscope, after looping 
the superficial femoral artery, common femoral artery, and deep 
femoral artery, make a small opening in the deep femoral artery 
with microscissors, then insert a 0.015-inch guidewire through 
the opening and leave the wire inside for 1 minute. The wire 
was removed, and the arteriotomy site was ligated with a 7-0 
suture. The skin incision was closed with a 6-0 silk suture.

For in vivo gene knockdown, 1×109 transduction units per 
mL of shRNA-LMO7 (LIM domain only 7) or shRNA-Scramble 
lentivirus dispersed in a 30% Pluronic gel solution were applied 
perivascularly to the wire-injured femoral artery segments. To 
maximize in vivo transduction efficiency, a single dose of 1×108 
transduction units per mL, 100 μL of shRNA-LMO7 or shRNA-
Scramble lentivirus was administered by tail vein injection the 
next day. To avoid bias in morphometric analysis, 1 mouse that 
showed complete stenosis 28 days after shRNA-LMO7 deliv-
ery was excluded.

Targeted Epigenetic Editing Through 
CRISPR-dCas9
To modulate H3K27me3 levels site-specifically at the LMO7 
gene, we used a CRISPR-dCas9 (deactivated Cas9) system. 
The single-guide RNA (sgRNA) sequences were designed 
using CRISPick from the BROAD Institute (https://portals.
broadinstitute.org/gppx/crispick/public), targeting the LMO7 
promoter region (transcription start site −1500 to transcrip-
tion start site +300). The best sgRNAs were determined as 
the top-ranked sequences based on factors including on-
target and off-target scores. To generate sgRNA expression 
vectors, each pair of oligonucleotides (sequences as below) 
was annealed into double-stranded DNA and then cloned 
into the pLenti-sgRNA vector (Addgene 71409), which 
had been digested with BsmBI (New England Biolabs) and 
gel-purified. The pLenti-sgRNA vector without an sgRNA 
sequence (empty vector) was used as the sgRNA control. 
The constructs were then transformed into Stable Competent 
E coli (New England Biolabs) for expansion. Plasmids were 
extracted using the Plasmid Plus Midi Sample Kit (QIAGEN) 
after proper insertion was confirmed. The dCas9 plasmid 
(Addgene 110823), and dCas9-EZH2 plasmid (Addgene 
122375) were obtained from Addgene. The plasmids 
were transfected into HEK293T cells using Lipofectamine 
2000 reagent (Thermo Fisher Scientific) following the 
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manufacturer’s instructions. After 48 hours, expression of the 
dCas9-EZH2 fusion protein was detected by Western blot 
using an anti-EZH2 antibody (CST).

Statistical Analysis
Data were analyzed using GraphPad Prism 8.0 and R software 
(version 4.4.3). Quantitative data were expressed as mean ± 
SEM. The statistical testing strategy was predetermined based 
on the sample size per group (n). For groups with n≥10, the 
Shapiro-Wilk test was first used to assess data normality. If the 
normality assumption was met, parametric tests were applied: 
the Student t test was used for 2-group comparisons, and 
ANOVA was used for multigroup comparisons. For sample 
sizes of n<10 or when the data deviated from a normal dis-
tribution, nonparametric methods were strictly executed. The 
Mann-Whitney U test was performed for 2-group comparisons. 
For multigroup evaluations, a Kruskal-Wallis test followed by 
the Benjamini-Krieger-Yekutieli post hoc correction was imple-
mented for 1-way analysis, whereas a 2-way aligned rank trans-
form ANOVA followed by the Holm post hoc test was applied 
for multifactor designs. Two-sided P<0.05 indicated statistical 
significance, and all P values or adjusted P values are explicitly 
displayed on the corresponding graphs. Multiple testing correc-
tions were not applied globally across different experiments. 
Statistical adjustments were performed strictly within each indi-
vidual test. No multiple samples or tissue sections were taken 
from the same animal for the statistical analyses. Each individ-
ual data point (N) represents a completely independent sample 
derived from a distinct animal.

RESULTS
BAHCC1 Is Upregulated in the Diseased IH-
Bearing Arteries of the Human or Rat Origin
We and others have previously shown upregulation of 
H3K27me3 in rat arteries undergoing IH, and that its 
reduction by an EZH inhibitor mitigated IH18, 19, 23. Con-
sistently, our immunofluorescence analysis revealed a 
marked increase in H3K27me3 levels in human reste-
notic arteries compared with nonrestenotic controls 
(Figure 1A). Interestingly, immunofluorescence also illus-
trated substantial upregulation of BAHCC1 in human 
restenotic and atherosclerotic artery samples compared 
with the respective control samples (Figure 1B and 1C; 
representative hematoxylin and eosin staining shown in 
Figure S1). These data link BAHCC1 to human vascu-
lar pathology. Given that BAHCC1 is a specific reader 
of H3K27me3,21 we hypothesized that BAHCC1 might 
play a role in IH.

We then examined the modulation of BAHCC1 
expression in a rat carotid artery injury model of IH, which 
mimics balloon angioplasty injury in human arteries. Dual 
immunofluorescence staining revealed induction of 
BAHCC1 in αSMA-positive SMCs after arterial injury, 
with its expression increasing as early as day 3, reaching 
a maximum at day 7, and remaining significantly elevated 
through day 14 relative to uninjured arteries (Figure 1D). 

These results together link upregulation of BAHCC1 to 
the pathophysiology of IH.

IH Is Attenuated Either by BAHCC1 Knockdown 
in Injured Rat Arteries or by SMC-Specific 
BAHCC1 Knockout in Injured Mouse Arteries
To investigate the role of BAHCC1 in the development 
of IH, we first performed BAHCC1 knockdown in rat 
carotid arteries using the balloon angioplasty model26-

28. To express BAHCC1-specific shRNA or scrambled 
shRNA control, lentivirus was intraluminally applied and 
then locally infused into the injured artery wall immedi-
ately after angioplasty. Immunofluorescence confirmed 
effective BAHCC1 knockdown compared with scram-
bled shRNA controls (Figure S2). Morphometric analysis 
indicated that IH was reduced in BAHCC1-shRNA arter-
ies, as measured by the intima area normalized either to 
the medial area (neointima/media area ratio) or to the 
IEL perimeter (neointimal thickness) at 14 days post-
angioplasty (Figure 2A). Accordingly, the stenosis rate 
was reduced by ≈50% as well. The EEL perimeter was 
not altered, indicating no reduction in the outer diame-
ter of the vessel compared with the scrambled control 
(Figure 2A).

While multiple cell types contribute to injury-induced 
IH, SMCs are central drivers of the pathology7–9. Dual 
immunofluorescence staining indicated that BAHCC1 
was predominantly expressed in αSMA-positive SMCs 
in injured rat arteries (Figure 1D). In contrast, BAHCC1 
did not colocalize with the endothelial marker CD31 in 
injured arteries where the endothelium was denuded 
(Figure S3), indicating that BAHCC1 expression is 
largely confined to SMCs after vascular injury. We thus 
next investigated the SMC-specific role of BAHCC1 
using the mouse femoral artery wire-injury model, which 
is well-established for studying IH25, 29 (Figure 2B). 
We generated a novel Myh11-CreERT2-RAD; Bahc-
c1fl/fl line and confirmed that SMC-specific BAHCC1 
knockout was induced after tamoxifen treatment in 
adult mice (Figure S4). Consistent with our findings 
in the rat artery angioplasty model (Figure 2A), induc-
ible BAHCC1 deletion in SMCs reduced IH by ≈50% 
compared with BAHCC1WT (Bahcc1fl/fl) littermate con-
trols (Figure 2C). Stenosis was similarly attenuated, 
with no change in EEL perimeter. To rigorously validate 
the specificity of this phenotype, we analyzed 3 genetic 
control groups: tamoxifen-treated Myh11-CreERT2-RAD 
mice, tamoxifen-treated Bahcc1fl/fl mice, and Myh11-
CreERT2-RAD; Bahcc1fl/fl mice maintained on a normal 
diet (Figure S5). No significant difference in IH was 
observed among these control groups, confirming that 
the protective phenotype observed in inducible SMC-
specific BAHCC1 knockout (BAHCC1iSMCKO) male mice 
is specifically attributable to tamoxifen-induced deletion 
of BAHCC1 in SMCs rather than nonspecific effects of 
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Figure 1. Upregulation of BAHCC1 (bromo adjacent homology domain coiled-coil 1) in human and rat diseased artery tissues.
A, Histone-3 lysine 27 trimethylation (H3K27me3; red) and αSMA (green) immunostaining in human coronary restenotic arteries and 
nonrestenotic controls. Scale bar: 50 µm. Quantification: n=4 patients; Mann-Whitney U test. B, BAHCC1 (red) immunostaining in human 
coronary restenotic arteries and nonrestenotic controls. Green: elastic laminae autofluorescence. Scale bar: 100 µm. Quantification: n=6 or 7 
patients; Mann-Whitney U test. C, BAHCC1 (red) immunostaining in human coronary atherosclerotic arteries and healthy aortic (Continued)
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the Cre driver, tamoxifen treatment, or the floxed allele. 
Moreover, the IH-mitigating effect was also observed 
in female mice, in which BAHCC1iSMCKO mice similarly 
developed less IH than female BAHCC1WT controls (Fig-
ure S6), consistent with the protective effect observed 
in male mice. Together, these genetic studies in mice 
establish BAHCC1 in SMCs as a key driver of IH follow-
ing arterial injury.

Disruption of the BAHCC1-H3K27me3 Reader-
Mark Dyad Mitigates IH
BAHCC1 is a multidomain large protein21, 30, and 
its H3K27me3-independent functions have been 
reported22, 31. We thus next investigated whether the 
H3K27me3-reader function of BAHCC1 contributes 
to IH development. To this end, we used a mouse line 
carrying the Y2537A mutation (BAHCC1Y2537A; Fig-
ure S7), which disrupts the direct binding of the BAH 
domain of BAHCC1 (BAHCC1BAH) with H3K27me321 
(see the schematic in Figure 3A). In the femoral artery 
wire-injury model, BAHCC1Y2537A mice showed markedly 
reduced neointima/media area ratio, neointimal thick-
ness, and stenosis rate compared with wild-type (WT) 
controls (Figure 3B and 3C). These changes were similar 
in magnitude to the effects of SMC-specific knockout of 
BAHCC1 (Figure 2). There was no change in EEL perim-
eter. These results demonstrate that the pro-IH activity of 
BAHCC1 is largely mediated through its H3K27me3-
binding BAH domain.

BAHCC1 Modulates the Pro-IH Pathobiology of 
SMCs In Vitro, and Its Expression Is Regulated 
by Nuclear Transcription Factor Y Subunit Alpha
Phenotypic modulation of SMCs, the major cellular com-
ponent of the tunica media, is well documented to play 
a pivotal role in IH pathogenesis32, 33. PDGF (platelet-
derived growth factor) is released from platelets recruited 
to sites of vascular injury, and PDGF-BB treatment of 
SMCs in culture recapitulates the phenotypic transi-
tions that lead to IH. PDGF-BB is a mitogen known to 
potently induce SMC phenotypic transition characterized 
by dedifferentiation (reduced SMC marker expression) 
and enhanced cell proliferation and ECM protein syn-
thesis in vitro34. As shown in Figure 4A, BAHCC1 was 
upregulated by PDGF-BB stimulation in human aortic 
SMCs (HAoSMCs). To determine the functional signifi-
cance of this upregulation, we silenced BAHCC1 using 

shRNA. BAHCC1 knockdown increased contractile pro-
teins MYH11 and CNN1, and P27 (p27KIP1), an antipro-
liferative cyclin-dependent kinase inhibitor, but reduced 
the pro-proliferative factor CCND1 (Cyclin D1) and 
the ECM protein collagen-1 (Figure 4B). These protein 
changes were accompanied by concordant transcrip-
tional changes, including increased MYH11, CNN1, and 
CDKN1B (P27) mRNA levels and decreased expression 
of CCND1, CDK1, COL1A1, and COL3A1 (Figure 4C). 
Consistent with this phenotypic shift, BAHCC1 silenc-
ing inhibited SMC proliferation induced by either serum 
or PDGF-BB (Figure 4D), without detectable effects 
on apoptosis or cellular senescence (Figure S8). Fur-
thermore, similar increases in MYH11, CNN1, and p27 
protein levels were observed following BAHCC1 knock-
down in TNFα-stimulated human SMCs (Figure S9), 
suggesting that the regulatory function of BAHCC1 in 
SMC phenotypic transition extends beyond PDGF-BB 
signaling. Importantly, in vivo immunofluorescence indi-
cated that BAHCC1 knockdown elevated CNN1 and 
MYH11 in both the media and neointima while reduc-
ing proliferation as measured by PCNA expression (Fig-
ure 4E through 4G), linking BAHCC1’s function in SMC 
phenotypic modulation in vitro and in vivo. Collectively, 
these data indicate that elevated BAHCC1 promotes 
pro-IH SMC phenotypic transition, revealing BAHCC1 
as a novel modulator of SMC phenotype.

We next determined the mechanism underlying PDGF-
stimulated BAHCC1 elevation in SMCs. Through the 
Genome Browser (http://genome.ucsc.edu/), nuclear 
transcription factor Y subunit alpha (NFYA) was predicted 
as a potential regulator of BAHCC1 expression. Motif 
analysis via JASPAR (https://jaspar.elixir.no/; Figure 4H) 
identified putative NFYA binding sites in the BAHCC1 
promoter. Interestingly, previous research has shown that 
inactivation of NFYA inhibits SMC proliferation and IH35, 
in line with the function of BAHCC1 observed herein. 
We therefore examined whether BAHCC1 expression is 
regulated by NFYA. ChIP-qPCR confirmed NFYA bind-
ing to the BAHCC1 promoter in HAoSMCs, which was 
enhanced by PDGF-BB stimulation (Figure 4I). Con-
sistently, PDGF-BB stimulated the expression of both 
NFYA and BAHCC1, and silencing NFYA with shRNA 
(Figure S10) reduced BAHCC1 mRNA and prevented 
PDGF-BB induction of BAHCC1 protein (Figure 4J 
and 4K). Moreover, pharmacological inhibition of the 
PDGF-activated PI3K-Akt pathway using wortmannin or 
MK2206 led to decreased expression of both NFYA and 
BAHCC1 (Figure 4L). Collectively, these findings identify 

Figure 1 Continued.  control samples. Green: elastic laminae autofluorescence. Scale bar: 100 µm. Quantification: n=5 patients; Mann-Whitney 
U test. D, BAHCC1 (red) and αSMA (green) immunostaining in uninjured and injured rat carotid arteries. Note that BAHCC1 is predominantly 
localized to the nucleus, whereas αSMA is primarily cytoplasmic. Neointimal hyperplasia (IH) was induced by balloon angioplasty. Arteries were 
collected on postinjury days 3, 7, and 14. Scale bar: 100 µm. Quantification: n=4 rats; Kruskal-Wallis test with Benjamini-Krieger-Yekutieli post hoc 
correction (adjusted P values are shown on the graph). All data are presented as mean ± SEM. Arrowheads indicate the internal elastic lamina 
(IEL). A indicates adventitia; L, lumen; M, media; and N, neointima.
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Figure 2. Loss of BAHCC1 (bromo adjacent homology domain coiled-coil 1) reduces neointimal hyperplasia (IH) in rat and 
mouse arteries.
A, Top: IH in balloon-injured Sprague-Dawley (SD) rat arteries. Injured arteries were infused with lentivirus to express scrambled or BAHCC1-
specific shRNA and collected on postinjury day 14 for cross-sectioning and hematoxylin and eosin staining. Neointimal thickness is demarcated 
by arrowheads. Bottom: Quantitative analysis of the neointima/media area (I/M) ratio, neointimal thickness, stenosis rate, (Continued)
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a previously unrecognized PI3K-Akt-NFYA-BAHCC1 
signaling axis that mediates BAHCC1 upregulation in 
PDGF-activated SMCs (diagrammed in Figure 4M).

LMO7 Is a Direct Target of BAHCC1-
H3K27me3–Mediated Gene Repression
To uncover downstream pathways through which 
BAHCC1 regulates SMC phenotypic transition, we per-
formed bulk RNA sequencing and cleavage under targets 
and tagmentation (CUT&Tag) using HAoSMCs. Given 
the reported role of BAHCC1 in gene repression21, we 
focused on genes that were upregulated upon BAHCC1 
knockdown, assuming these were derepressed target 
genes. Among the top upregulated candidate genes 
ranked by P value and fold change (Figure 5A; Figure 
S11) and occupied by BAHCC1 (Figure S11D), LMO7 
stood out for its reported role in modulating SMC pheno-
type and limiting IH29. We therefore prioritized LMO7 as 
a key downstream target for investigating the BAHCC1-
directed epigenetic mechanisms that govern SMC phe-
notypic modulation.

We confirmed LMO7 upregulation at both mRNA and 
protein levels following BAHCC1 knockdown (Figure 5B 
and 5C). To determine whether BAHCC1 regulates LMO7 
directly, potentially by recognizing H3K27me3 at the 
LMO7 locus, we performed ChIP-qPCR with HAoSMCs. 
Results showed that BAHCC1 physically associates with 
the LMO7 promoter and that this interaction is enhanced 
by PDGF-BB stimulation (Figure 5D).

To investigate whether this BAHCC1 association with 
the LMO7 gene depends on H3K27me3 recognition, 
we utilized aortic SMCs isolated from WT mice and mice 
bearing the Y2537A mutation, which disrupts BAHCC1’s 
ability to bind H3K27me3. In WT mouse SMCs, PDGF-
BB increased BAHCC1 binding at the LMO7 locus 
(Figure 5E), consistent with the observation in human 
SMCs (Figure 5D). Interestingly, H3K27me3 was also 
enriched at the LMO7 promoter in WT mouse SMCs, 
especially following PDGF-BB stimulation (Figure 5F). 
Reinforcing this observation, ChIP sequencing data 
from rat arteries revealed H3K27me3 enrichment at the 
LMO7 locus, with higher levels in injured arteries com-
pared with uninjured controls (Figure 5G). Importantly, 
the binding of BAHCC1 at the LMO7 locus was mark-
edly reduced in BAHCC1Y2537A mouse SMCs compared 
with WT cells (Figure 5H), suggesting an important role 

of the BAHCC1-H3K27me3 dyad in regulating LMO7 
expression. Indeed, LMO7 mRNA expression (Figure 5I) 
and protein production (Figure S12) were both increased 
(derepressed) in BAHCC1Y2537A SMCs compared with 
WT SMCs.

To further establish the functional role of H3K27me3 
in BAHCC1-mediated LMO7 repression, we used epi-
genetic editing. Instead of deleting the LMO7 promoter 
via genome editing—an approach that would interfere 
with transcription—we used a dCas9-EZH2 fusion 
system guided by LMO7-specific sgRNAs to enhance 
local H3K27me3 deposition (Figure 5J). ChIP-qPCR 
with cells overexpressing dCas9-EZH2 (Figure 5K) 
confirmed that H3K27me3 enrichment was enhanced 
at the LMO7 locus by each of the 3 LMO7-specific 
sgRNAs compared with the sgRNA control, the empty 
vector without expressing an sgRNA (Figure 5L). 
Consequently, LMO7 protein was reduced in the cells 
expressing these LMO7 sgRNAs compared with the 
empty vector control (Figure 5M). Importantly, this 
repression of LMO7 expression was abolished when 
BAHCC1 was silenced (Figure 5N), indicating that 
both BAHCC1 and H3K27me3 are required to repress 
LMO7 expression. Collectively, these findings demon-
strate that the H3K27me3-reading/binding function 
of BAHCC1 plays a crucial role in its repression of 
LMO7 in SMCs.

LMO7 Silencing Reverses the Effects of 
BAHCC1 Loss on SMC Phenotype and IH
To determine the function of the BAHCC1-LMO7 axis 
in SMC phenotype and IH, we examined whether LMO7 
knockdown could reverse the effects of BAHCC1 silenc-
ing. We first assessed markers of SMC differentiation 
(CNN1), inhibition of proliferation (P27), and extracel-
lular matrix production (collagen-1; Figure 6A), as well 
as cell proliferation (Figure 6B), in vitro in HAoSMCs. 
Indeed, while BAHCC1 knockdown increased CNN1 
and P27 expression, decreased collagen-1 levels, and 
inhibited proliferation, these effects were largely reversed 
by simultaneous LMO7 knockdown, highlighting its role 
downstream of BAHCC1.

To validate the BAHCC1-LMO7 axis in vivo, we 
determined LMO7 expression across 3 indepen-
dent loss-of-function models. LMO7 was consistently 
upregulated following BAHCC1 silencing in injured 

Figure 2 Continued.  and EEL perimeter; n=7 or 5 rats; Mann-Whitney U test. B, Top: Strategy for generating the Bahcc1-floxed mouse line 
and tamoxifen-induced vascular smooth muscle cell (SMC)-specific BAHCC1 knockout with exons 10 to 13 deleted. Bottom: Experimental 
timeline. Mice received tamoxifen for 10 days. Wire injury was performed 7 days after tamoxifen was stopped. Animals were euthanized 28 days 
after surgery. C, Top: IH in wire-injured BAHCC1WT and BAHCC1iSMCKO arteries in male mice. Injured femoral arteries and uninjured contralateral 
arteries were collected on postinjury day 28 for cross-sectioning and Verhoeff-van Gieson staining. Bottom: Quantitative analysis of the I/M 
ratio, neointimal thickness, stenosis rate, and EEL perimeter; n=8 mice for each group; Mann-Whitney U test. BAHCC1WT: tamoxifen-treated 
Bahcc1fl/fl mice. BAHCC1iSMCKO: tamoxifen-treated Bahcc1fl/fl; Myh11-CreERT2-RAD mice. The cartoon on the left illustrates wire injury of the 
femoral artery to induce IH. All data are presented as mean ± SEM; Scale bar: 100 µm. A indicates adventitia; M, media; N, neointima; and ns, not 
significance.
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rat arteries (Figure 6C), genetic ablation of BAHCC1 
in SMCs (Figure 6D), and disruption of BAHCC1’s 
H3K27me3-reader function in BAHCC1Y2537A mice 
(Figure 5I and Figure S12). The concordance of these 
independent models provides strong evidence that 
BAHCC1 represses LMO7 expression in vivo through 
its H3K27me3-reader activity.

Given the IH-mitigating effect of BAHCC1Y2537A 
observed herein and the reported IH-inhibitory role of 

LMO729, we inferred that silencing LMO7 in BAHC-
C1Y2537A mouse arteries would reverse the effect of this 
mutation on IH. Indeed, lentiviral shRNA-mediated knock-
down of LMO7 (Figure S13) significantly increased IH 
in injured femoral arteries of BAHCC1Y2537A mice com-
pared with scrambled controls (Figure 6E). There were 
no significant changes in EEL perimeter. These results 
establish the BAHCC1-LMO7 axis as a key determinant 
of SMC phenotypic transition and IH progression.

Figure 3. Disruption of BAHCC1 (bromo adjacent homology domain coiled-coil 1)-histone-3 lysine 27 trimethylation 
(H3K27me3) binding reduces neointimal hyperplasia (IH) in mouse arteries.
A, Left: Modeling of BAHCC1BAH-H3K27me3 binding. The crystal structure of BAHCC1BAH (PDB 6VIL) is shown in blue, and the AlphaFold3-
predicted Y2537A mutant model is shown in salmon. The H3K27me3 peptide from the crystal structure is green. The wild-type (WT) BAHCC1BAH 
was aligned with the Y2537A model for comparison. In the WT structure, residues Y2537, W2558, Y2560, and E2564 surround the H3K27me3 
peptide from multiple directions, forming a pocket that stabilizes the interaction. In the Y2537A model, substitution of Tyr with Ala alters this 
pocket, leaving 1 side open. This structural change is predicted to compromise BAHCC1BAH-H3K27me3 binding. The equivalent amino acids in 
the human BAHCC1BAH sequence are presented in parentheses. Right: Cartoon presentation depicting how the BAHCC1Y2537A mutation disrupts 
the interaction between BAHCC1BAH and H3K27me3. B, IH in wire-injured WT and BAHCC1Y2537A homozygous male mouse arteries. Injured 
femoral arteries and uninjured contralateral arteries were collected on postinjury day 28 for cross-sectioning and Verhoeff-van Gieson staining. 
Neointima is demarcated by arrowheads. C, Quantitative analysis of the neointima/media area (I/M) ratio, neointimal thickness, stenosis rate, and 
EEL perimeter. n=8 mice for each group; Mann-Whitney U test. All data are presented as mean ± SEM; Scale bar: 100 µm. A indicates adventitia; 
M, media; N, neointima; and ns, not significance.
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Figure 4. BAHCC1 (bromo adjacent homology domain coiled-coil 1) promotes vascular smooth muscle cell (SMC) phenotypic 
transition and is regulated by NFYA (nuclear transcription factor Y subunit alpha).
A, Western blots of BAHCC1, MYH11, CNN1, CCND1 (cyclin D1), and p27 in human aortic SMCs (HAoSMCs) infected with lentivirus (LV)-
shRNA-scramble (SCR) or shRNA-BAHCC1 with or without PDGF-BB stimulation. Quantification: n=4 independent repeat experiments; 2-way 
aligned rank transform (ART) ANOVA with Holm post hoc test (adjusted P values are shown on the graph). BAHCC1 (Continued)
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BAHCC1 Forms a Repressive Complex With 
SAP30-RBBP4/7 to Regulate LMO7 Expression 
and SMC Phenotypic Transition
To further dissect the mechanism of BAHCC1-mediated 
gene regulation, we sought to identify corepressors that 
cooperate with BAHCC1. Protein interaction predic-
tions using STRING36 suggested that SAP30 (SIN3- 
associated protein 30), RBBP4 (retinoblastoma-binding 
protein 4), and RBBP7 (retinoblastoma-binding protein 
7) may interact with BAHCC1. Immunoprecipitation 
of any of these individual proteins (BAHCC1, SAP30, 
RBBP4, or RBBP7) could co-IP each of the others in 
HEK293T cells (Figure 7A), suggesting formation of a 
stable complex. Proximity ligation assay signals in the 
nuclei further confirmed BAHCC1 interaction with each 
of the 3 proteins in HAoSMCs, which was enhanced by 
PDGF-BB stimulation (Figure 7B).

To explore the potential structural basis for this complex, 
we performed molecular modeling with the AlphaFold3 
server37 using the sequences in UniProt38 that correspond 
to existing 3D structural data for BAHCC1BAH, tandem Tudor 
domains (BAHCC1TTD), SAP30, RBBP4, and RBBP7. 
The model in Figure 7C represents the highest-ranking  
prediction generated via AlphaFold3, in which SAP30 
appears to play a central role in the complex by mediating 
interactions with BAHCC1. Specifically, SAP30 residues 16 
to 27 and 56 to 63 contact BAHCC1BAH residues 2542 to 
2548, 2556 to 2560, and 2584 to 2588, whereas SAP30 
residues 169 to 173 are placed adjacent to BAHCC1TTD 
residues 1920 to 1926 within the first Tudor domain; over-
all, BAHCC1BAH is predicted to contribute more favorably 
to the complex formation than TTD.

As gene-repressive roles of RBBP4/7 and SAP30 
have been reported39, we hypothesized that BAHCC1, 
RBBP7, RBBP4, and SAP30 form a repressive complex 
at the target gene LMO7. We thus performed CUT&Tag 
in HAoSMCs using antibodies against these 4 proteins. 
Genomic analysis showed similar enrichment patterns 

around the transcription start site (Figure 7D). Genomic 
occupancy by these proteins was detected essentially 
across all chromosomes (Figure 7E), and peaks were 
predominantly located in intergenic, intronic, and pro-
moter regions (Figure 7F). Of note, CUT&Tag revealed 
cooccupancy of all 4 proteins near the LMO7 transcrip-
tion start site (Figure 7G). This was further confirmed by 
ChIP-qPCR showing that RBBP7, RBBP4, and SAP30 
were enriched at the same site, and that their enrich-
ment was reduced following BAHCC1 knockdown 
(Figure 7H). Consistent with a cooperative role in gene 
repression, silencing of RBBP7, RBBP4, and SAP30 
(Figure S14) led to increased LMO7 expression (Figure 
S15). These data demonstrate that BAHCC1 and its 
corepressors RBBP7, RBBP4, and SAP30 form a func-
tional complex to repress LMO7’s expression.

We then determined the role of this gene-repression 
complex in SMC phenotypic modulation. As shown 
in Figure 7I, silencing RBBP7, RBBP4, or SAP30 
reduced SMC proliferation, closely resembling the effect 
of BAHCC1 knockdown (Figure 4D). In accordance, 
CUT&Tag showed coenrichment of BAHCC1 with 
these corepressors at the antiproliferative gene P27 
(Figure 7J). Furthermore, while PDGF-BB promoted 
BAHCC1 binding at P27 (Figure 7K) and contractile 
SMC phenotype genes (CNN1, MYH11; Figure S16), 
the binding of its corepressors at these loci was attenu-
ated by BAHCC1 silencing (Figure S16).

Together, these findings demonstrate that BAHCC1 
functions in a complex with SAP30, RBBP4, and RBBP7 
to drive pro-IH SMC plasticity by repressing LMO7 and 
potentially other genes involved in SMC phenotype (Fig-
ure S17).

Genetic Variation of BAHCC1 Is Associated 
With Cardiovascular Phenotypes
Accumulating evidence indicates that SMC plasticity is 
a central mechanism underlying vascular remodeling 

Figure 4 Continued.  corresponds to the β-tubulin blot shown here, and each target protein was quantified using its own loading control. B, 
ELISA of collagen-1 in the culture medium of HAoSMCs infected with LV-shRNA-SCR or LV-shRNA-BAHCC1. Quantification: n=4 independent 
repeat experiments; Mann-Whitney U test. C, RT-qPCR of relative mRNA levels of BAHCC1, CNN1, MYH11, P27, CCND1, CDK1, COL1A1, 
and COL3A1 in HAoSMCs infected with LV-shRNA-SCR or LV-shRNA-BAHCC1. Quantification: n=4 independent repeat experiments, Mann-
Whitney U test. D, Proliferation of human and rat SMCs infected with LV-shRNA-SCR or LV-shRNA-BAHCC1 and treated with or without FBS or 
PDGF-BB. Quantification: n=4 or 3 independent repeat experiments; 2-way ART ANOVA with Holm post hoc test (adjusted P values are shown 
on the graph). E through G, Immunostaining of MYH11 (red), CNN1 (orange), and PCNA (magenta) in injured rat arteries treated with LV-shRNA-
SCR or LV-shRNA-BAHCC1 and collected on postinjury day 14. Neointimal thickness is demarcated by arrowheads. Green: elastic laminae 
autofluorescence. Scale bar: 100 µm. Quantification: n=4 rats per group in E; n=5 or 4 rats in F; n=7 or 5 rats in G; Mann-Whitney U test. H. 
Sequence logo of NFYA. I. Binding of NFYA to the BAHCC1 promoter in HAoSMCs assessed by ChIP-qPCR. Quantification: n=4 independent 
repeat experiments; 2-way ART ANOVA with Holm post hoc test (adjusted P values are shown on the graph). J, RT-qPCR of relative mRNA levels 
of NFYA and BAHCC1 in HAoSMCs infected with LV-shRNA-SCR or LV-shRNA-NFYA. Quantification: Mann-Whitney U test; n=4 independent 
repeat experiments. K, Western blots of NFYA and BAHCC1 in HAoSMCs infected with LV-shRNA-SCR or LV-shRNA-NFYA, with or without 
PDGF-BB stimulation. Quantification: n=4 independent repeat experiments; Kruskal-Wallis test with Benjamini-Krieger-Yekutieli post hoc 
correction (adjusted P values are shown on the graph). L, Western blots of pAkt, NFYA, and BAHCC1 in HAoSMCs treated with wortmannin or 
MK2206, with or without PDGF-BB stimulation. Quantification: n=4 independent repeat experiments; Kruskal-Wallis test with Benjamini-Krieger-
Yekutieli post hoc correction (adjusted P values are shown on the graph). M, Schematic of the pathway by which PDGF-BB stimulates BAHCC1 
expression via PI3K-Akt-NFYA. All data are presented as mean ± SEM. A indicates adventitia; L, lumen; M, media; and N, neointima.
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Figure 5. The BAHCC1 (bromo adjacent homology domain coiled-coil 1)-histone-3 lysine 27 trimethylation (H3K27me3) dyad 
regulates LMO7 (LIM domain only 7) expression.
A, Volcano plot. A total of 13 694 variables are included. Adjusted P values are presented. Fold change: shBAHCC1 vs scrambled (SCR). 
HAoSMCs were infected with LV-shRNA-SCR or LV-shRNA-BAHCC1. N=3 separate HAoSMC cultures. B and C, RT-qPCR and Western blots 
of LMO7 expression in HAoSMCs infected with LV-shRNA-SCR or LV-shRNA-BAHCC1, with or without PDGF-BB stimulation. (Continued)
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across multiple cardiovascular pathologies, includ-
ing atherosclerosis, restenosis, and hypertension34. We 
thus investigated the potential relevance of BAHCC1 
to human cardiovascular disease (CVD). We queried 
the locus containing BAHCC1 using publicly available 
genome-wide association study data sets for cardiovas-
cular phenotypes and identified several genome-wide 
significant variants (Figure 8A). In particular, rs6565564 
showed strong associations with CVD (P=1×10−08)40 
and hypertension (P=2×10−10)41. Linkage disequilibrium 
analysis revealed that a group of upstream variants dis-
play high linkage disequilibrium (r2>0.8) with rs6565564 
(Figure 8B, arrow), and this region showed BAHCC1 
enrichment based on the CUT&Tag data (Figure 8B). 
Analysis of the Genotype-Tissue Expression database 
showed that rs6565564 is an expression quantitative 
trait locus in arterial tissues (Figure 8C), with the minor 
allele associated with increased BAHCC1 expression rel-
ative to the reference allele (normalized effect size=0.29; 
Figure S18). Further supporting a link between BAHCC1 
genetic variation and CVD, rs4969440, a variant iden-
tified in the Million Veteran Program meta-analysis, 
showed a suggestive association (P=1.8×10−06) with 
atherosclerosis (PheCode 440)42. Together, these inte-
grated genomic and epigenomic findings provide strong 
evidence that BAHCC1 variation influences arterial gene 
regulation and is associated with cardiovascular traits, 
implicating BAHCC1 dysregulation as a potential con-
tributor to human vascular pathology.

DISCUSSION
The dedifferentiation of vascular SMCs underlies both 
adaptive vascular remodeling and IH, a complication of 
revascularizations including angioplasty, stenting, bypass 
grafting, endarterectomy, and arteriovenous fistula cre-
ation2. Increasing evidence supports the concept that 
reversible epigenetic marks likely underlie this plasticity. 

While research has focused on the writers and erasers of 
these marks, such as DNMTs and TET214, 43, or p300 and 
HDACs16, 17, few studies have addressed the roles of epi-
genetic readers, proteins that bind these modifications 
to mediate activation or repression of gene transcription. 
Our laboratory previously revealed a key role for BRD427, 
a reader of activating histone acetylation marks. We now 
demonstrate a critical role for BAHCC1, a reader of the 
repressive mark H3K27me3, in promoting SMC dedif-
ferentiation, proliferation, and IH.

Our study uncovers novel insights into histone  
methylation-mediated gene repression in IH pathogene-
sis—a particularly underexplored area19, 44-48. We demon-
strate: (1) BAHCC1 is upregulated in human and rat IH 
lesions and promotes IH by negating the IH suppressor 
LMO7; (2) this pro-IH function of BAHCC1 is dependent 
on its ability to read H3K27me3; (3) BAHCC1 forms a 
complex with SAP30 and RBBP4/7 to repress gene 
expression, facilitating pro-IH SMC phenotypic transi-
tion; and (4) upregulation of BAHCC1 in human SMCs 
is driven by transcription factor NFYA. In addition, analy-
sis of public data sets links BAHCC1 genetic variation 
with human cardiovascular phenotypes and increased 
BAHCC1 expression. In summary, this study identifies 
the gene-repression epigenetic reader BAHCC1 as a 
previously unrecognized regulator of SMC phenotypic 
plasticity and IH pathophysiology and reveals its regula-
tory mechanisms.

BAHCC1’s biological functions remain under-
explored, despite prior progress linking it to cancer 
progression and metastasis20-22, 49, neuronal commit-
ment31, 50, and proinflammatory gene expression51. To 
our knowledge, the current study is the first to iden-
tify BAHCC1’s role in vascular disease, specifically 
through its H3K27me3-reader function. This expands 
upon our previous finding that inhibition of H3K27me3 
deposition attenuates IH in rats23, 52. In accordance, 
BAHCC1 silencing mitigated IH in the same model of 

Figure 5 Continued.  Quantification for B: Mann-Whitney U test; n=4 independent repeat experiments. Quantification for C: 2-way aligned 
rank transform (ART) ANOVA with Holm post hoc test (adjusted P values are shown on the graph); n=4 independent repeat experiments. D, 
Binding of BAHCC1 at the LMO7 promoter in HAoSMCs assessed by ChIP-qPCR. Quantification: n=4 independent repeat experiments; 2-way 
ART ANOVA with Holm post hoc test (adjusted P values are shown on the graph). E and F, Binding of BAHCC1 and H3K27me3 at the LMO7 
promoter in mouse aortic vascular smooth muscle cells (SMCs), assessed by ChIP-qPCR. Quantification (E and F): n=4 independent repeat 
experiments; 2-way ART ANOVA with Holm post hoc test (adjusted P values are shown on the graph). G, IGV plots showing H3k27me3 peaks 
at the LMO7 gene locus (boxed). ChIP-seq was performed using sham (uninjured) and injured rat carotid artery tissues. The red arrow points to 
a super-silencer region. H, Binding of BAHCC1 at the LMO7 promoter in wild-type (WT) and BAHCC1Y2537A mouse aortic SMCs, assessed by 
ChIP-qPCR. Quantification: n=4 independent repeat experiments; 2-way ART ANOVA with Holm post hoc test (adjusted P values are shown on 
the graph). I, RT-qPCR analysis of the relative mRNA levels of LMO7 in WT and BAHCC1Y2537A mouse aortic SMCs. Quantification: 2-way ART 
ANOVA with Holm post hoc test (adjusted P values are shown on the graph); n=4 independent repeat experiments. J, Schematic of locus-specific 
epigenetic editing. The dCas9-EZH2 fusion protein is expressed and directed by an sgRNA to the LMO7 locus, where H3K27me3 is increased, 
resulting in repression of LMO7 gene expression. K, Western blot of dCas9-EZH2 fusion protein expression in 293T cells. L, H3K27me3 
enrichment levels at the LMO7 promoter in 293T cells transfected with dCas9-EZH2 plus each of 3 sgRNA-LMO7 constructs, compared with 
dCas9-EZH2 plus sgRNA control (empty vector), assessed by ChIP-qPCR. Quantification: Kruskal-Wallis test with Benjamini-Krieger-Yekutieli 
post hoc correction (adjusted P values are shown on the graph); n=5 independent repeat experiments. M, Western blots showing LMO7 levels 
in 293T cells transfected with the dCas9-EZH2 vector together with sgRNA control or each of 3 LMO7 sgRNAs. Quantification: Mann-Whitney 
U test; n=6 independent repeat experiments. N, Western blots indicating the effect of BAHCC1 silencing on dCas9-EZH2-mediated repression 
of LMO7 expression. Quantification: Kruskal-Wallis test with Benjamini-Krieger-Yekutieli post hoc correction (adjusted P values are shown on the 
graph); n=6 independent repeat experiments. All data are presented as mean ± SEM.
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Figure 6. The BAHCC1 (bromo adjacent homology domain coiled-coil 1)-LMO7 (LIM domain only 7) axis in the regulation of 
neointimal hyperplasia (IH).
A, Western blot of LMO7, CNN1, P27, and collagen-1 in HAoSMCs infected with LV-shRNA-SCR or LV-shRNA-BAHCC1 and transfected with 
siRNA-Ctrl or siRNA-LMO7. Quantification:2-way aligned rank transform (ART) ANOVA with Holm post hoc test (adjusted P values are shown on 
the graph); n=4 independent repeat experiments. CNN1 corresponds to the beta-tubulin blot shown here, and each target protein was quantified 
using its own loading control. B, Proliferation of HAoSMCs infected with LV-shRNA-SCR or LV-shRNA-BAHCC1 and transfected with siRNA-Ctrl 
or siRNA-LMO7, with or without FBS stimulation. Quantification: 2-way ART ANOVA with Holm post hoc test (Continued)
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rat carotid artery injury, and SMC-specific BAHCC1 
depletion in injured mouse arteries had a similar effect. 
BAHCC1 is a multidomain large protein with at least 2 
reader modules21, 30, and an H3K27me3-independent, 
pro-proliferative function has been reported in mela-
noma cells22. In contrast, we identified the critical role 
of BAHCC1-H3K27me3 in IH using mice with the 
Y2537A knock-in mutation in the H3K27me3-reading 
BAH domain, which directly and specifically disrupts 
this reader-mark dyad.

Through epigenomic and transcriptomic analyses, 
together with in vitro and in vivo validations, we have 
further unraveled the underlying molecular mechanism 
by demonstrating that BAHCC1-H3K27me3 orches-
trates the epigenetic repression of LMO7, a regulator 
of SMC phenotype and suppressor of IH, as reported 
previously29 and documented herein. Given the limited 
attention to H3K27me3-mediated gene-repression 
mechanisms in IH research, our study sheds new 
light on epigenetic regulations of vascular diseases. 
Importantly, our findings also reveal BAHCC1-LMO7 
as a novel axis in IH pathobiology. Silencing BAHCC1 
increases LMO7 expression while attenuating the 
pro-IH SMC phenotypic transition characterized by 
changes in SMC markers, proliferation, and collagen 
production. Rescue experiments of silencing LMO7 
in the BAHCC1-silenced background, on the other 
hand, reverse this effect. Moreover, silencing LMO7 in 
BAHCC1-inactivated BAHCC1Y2537A mouse arteries 
counteracted the IH-mitigating effect of this mutation. 
Thus, we have identified a repression-of-suppressor 
mechanism in IH pathophysiology mediated by the 
BAHCC1-H3K27me3 epigenetic dyad.

We have established LMO7 as a direct BAHCC1 
target through multiple methods, including epigen-
etic editing of H3K27me3 enrichment at the LMO7 
locus. Together with the prior published functions of 
LMO7 in SMCs as a negative feedback regulator of 
profibrotic signaling that limits IH29, our rescue experi-
ments suggest that BAHCC1 regulation of LMO7 
exerts a powerful role in SMC phenotypic switching 
in vascular remodeling. It is likely that other BAHCC1 
targets also contribute to the dramatic protective phe-
notype seen with SMC-specific BAHCC1 knockout. 
Indeed, CUT&Tag epigenomic profiling revealed that 
BAHCC1 and its corepressors target additional genes 

key to SMC phenotype, including the antiproliferative 
genes P27 and P15, as well as the SMC contrac-
tile gene SM22 (Figure S19). These data support a 
model in which BAHCC1 governs SMC phenotype by 
repressing LMO7, which in turn regulates downstream 
genes, and also by directly occupying antiproliferative 
and contractile loci (eg, P27, P15, SM22, CNN1) to 
limit their expression. Of note, further illustrating the 
breadth of BAHCC1-directed gene repression related 
to IH, CUT&Tag analysis also revealed enrichment of 
BAHCC1/corepressors at another IH suppressor (Fig-
ure S20), REST (RE1-silencing transcription factor)53, 
although it was less prominent than LMO7 in our RNA 
sequencing data set. Together, these findings under-
score BAHCC1 as a master regulator of SMC plas-
ticity, likely by orchestrating epigenetic repression of 
multiple pathways.

Previous work indicated ING1/2, HDAC1, and 
SAP30BP as BAHCC1’s corepressors in a cancer cell 
line21. Our data instead reveal that, in human SMCs, 
BAHCC1 forms a novel complex with SAP30 and 
RBBP4/7. Silencing components of this complex upreg-
ulates LMO7 expression, consistent with the established 
gene-repressive functions of SAP30 and RBBP4/739. 
RBBP4/7 are shared core components of several  
chromatin-associated complexes, including the SIN3 
family and PRC2, whereas SAP30 is specific to SIN3 
complexes and absent from PRC220, 54. Our findings there-
fore point to a previously unrecognized SIN3 complex 
featuring BAHCC1-SAP30-RBBP4/7 that regulates 
SMC pathobiology. While this article was in preparation, 
another group reported a co-IP-based BAHCC1 associ-
ation with SIN3A, a scaffold protein in SIN3 complexes, 
in a neuronal cell line31. However, they observed notable 
functional differences: BAHCC1’s function appeared to 
be H3K27me3-independent and it functioned as a gene 
activator rather than a repressor. These differences sug-
gest that BAHCC1 may participate in distinct regulatory 
mechanisms depending on cellular and biological con-
text, consistent with the compositional diversity of SIN3 
complexes, which incorporate a variety of auxiliary fac-
tors beyond core components such as SAP3031, 54. Inter-
estingly, AlphaFold3 structural modeling illustrates that 
both BAHCC1BAH and BAHCC1TTD can engage SAP30. 
In addition, although biochemical evidence supports the 
presence of SAP30 and RBBP4/7 within the same 

Figure 6 Continued.  (adjusted P values are shown on the graph); n=3 independent repeat experiments. C, Immunofluorescence of LMO7 
(red) in balloon-injured rat carotid arteries infected with LV-shRNA-SCR or LV-shRNA-BAHCC1 on day 14 postsurgery. Scale bar = 100 µm. 
Neointimal thickness is demarcated by arrowheads. Quantification: n=5 rats per group; Mann-Whitney U test. D, Western blots indicating the 
effect of vascular smooth muscle cell (SMC)-specific BAHCC1 deletion on LMO7 expression. Aortic SMCs were isolated from BAHCC1WT 
and BAHCC1iSMCKO mice, cultured and starved, and then treated with PDGF-BB before cell harvest. Quantification: Mann-Whitney U test; 
n=5 independent repeat experiments. E, Left: Representative cross-sections of Verhoeff-van Gieson-stained wire-injured femoral arteries of 
BAHCC1Y2537A male mice infected with LV-shRNA-SCR or LV-shRNA-LMO7. Arteries were collected 28 days after surgery. Scale bar: 100 µm. 
Right: Quantitative analysis of the corresponding injured arteries for the neointima/media area (I/M) ratio, neointimal thickness, stenosis rate, 
and EEL perimeter. Quantification: Mann-Whitney U test; n=10 or 9 mice for each group. All data are presented as mean ± SEM. A indicates 
adventitia; L, lumen; M, media; N, neointima; and ns, not significance.
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Figure 7. Cooperation of BAHCC1 (bromo adjacent homology domain coiled-coil 1), RBBP4/7, and SAP30 in regulating LMO7 
(LIM domain only 7) expression and vascular smooth muscle cell (SMC) phenotypic transition.
A,Co-IP of BAHCC1, RBBP7, RBBP4, and SAP30 with each other in 293T cells. B, Proximity ligation assay (PLA) showing BAHCC1 interaction 
with each of the RBBP7, RBBP4, and SAP30 proteins in HAoSMCs, with or without PDGF-BB stimulation. Scale bar: 10 µm. A negative control 
assay was performed without a primary antibody. C, AlphaFold3 modeling of interactions between BAHCC1, RBBP7, RBBP4, (Continued)
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SIN3 complex55, a structure showing direct SAP30 inter-
action with RBBP4/7, as predicted here (Figure 7C), 
has not been reported. Together, our biochemical stud-
ies and AlphaFold3 prediction support a model in which 
BAHCC1 recruits SAP30 and RBBP4/7 to form a func-
tional corepressor assembly. Further investigation of this 
BAHCC1-SAP30-RBBP4/7 regulatory machinery may 
uncover new epigenetic mechanisms governing SMC 
plasticity and IH pathophysiology.

A super-silencer refers to a cluster of H3K27me3-
rich genomic regions that together facilitate gene 
repression and can be identified via algorithms based 
on H3K27me3 ChIP sequencing peaks56. Interestingly, 
a super-silencer was identified in the LMO7 promoter 
in injured rat artery tissues (Figure 5G). It is thus plau-
sible to propose that the BAHCC1-H3K27me3 dyad 
and cofactors SAP30 and RBBP4/7, possibly together 
with a super-silencer(s), may constitute a context-
dependent, LMO7-repressing silenceosome57, 1 that 
may present a molecular vulnerability for effective 
therapeutic targeting to treat IH. While much attention 
has been given to enhancers in studies of epigenetics, 
silencers and associated complexes remain underex-
plored56. Future investigation into this silenceosome 
hypothesis is warranted.

While BAHCC1 expression is correlated with human 
cancers22, 49, 58, our analysis of public genetic data sets 
reveals its relevance to human CVD for the first time. 
We identified a BAHCC1 variant (rs6565564) strongly 
associated with CVD40 and hypertension41, with the 
variant allele linked to increased BAHCC1 expression, 
and some polymorphisms as splicing quantitative trait 
loci (Figure S21). This aligns with our observations of 
BAHCC1 upregulation in human restenotic and athero-
sclerotic arteries and with RNA sequencing data showing 
enrichment of CVD pathways in response to BAHCC1 
knockdown in human SMCs (Figure S11C). These find-
ings underscore BAHCC1 as a clinically relevant player 

in vascular pathology and a potential therapeutic target. 
Despite its emerging importance, the mechanisms driv-
ing BAHCC1 upregulation remain poorly understood22, 49. 
Our identification of NFYA as a novel upstream regula-
tor of BAHCC1 provides new avenues for translational 
development, including potential therapeutic strategies 
targeting the PI3K-Akt-NFYA-BAHCC1 pathway.

Study Limitations
Although our studies provide compelling evidence for 
BAHCC1’s role in pro-IH SMC phenotypic transition, 
future research should investigate its cell type-specific 
functions via conditional knockout in fibroblasts and mac-
rophages to offer a more comprehensive understanding 
of IH pathogenesis. While our focus was on BAHCC1’s 
nuclear role, potential contributions of non-nuclear 
BAHCC1 to vascular dysregulation remain unexplored. 
In addition, future studies with larger cohorts will be help-
ful for defining potential sex-dependent differences in 
greater detail. Finally, developing therapeutic agents that 
selectively disrupt the BAHCC1-H3K27me3 dyad rep-
resents a promising step toward translating these find-
ings into effective IH treatments.

Conclusions
Through transcriptomic and epigenomic analyses, epi-
genetic editing, conditional knockout, and rodent models, 
we identify BAHCC1 as a previously unrecognized epi-
genetic driver of IH. Mechanistically, BAHCC1 represses 
the IH-suppressor LMO7 and downstream genes via its 
H3K27me3-reader function, inducing SMC phenotypic 
transition and promoting IH. This mechanism entails a 
BAHCC1-corepressor complex formed with SAP30 and 
RBBP4/7, which could be further explored as a poten-
tial therapeutic target to address IH and related vascular 
pathologies.

Figure 7 Continued.  and SAP30. The model was generated using the AlphaFold3 server with full-length human RBBP4, RBBP7, and SAP30, 
together with 2 fragments of BAHCC1: amino acids (aa) 1905 to 2037, corresponding to BAHCC1TTD, and aa 2513 to 2639, corresponding to 
BAHCC1BAH. Cartoon representations of protein structures are displayed. The central panel shows the overall structure and interactions within a 
multiprotein assembly containing BAHCC1BAH (purple), BAHCC1TTD (blue), SAP30 (salmon), RBBP7 (beige), and RBBP4 (yellow). The left panels 
depict the detailed interactions between BAHCC1TTD and SAP30. Left panel 2 shows a zoomed-in view of the dashed box highlighted in the 
central panel. Left panel 1 presents orthogonal views of the interacting domains, rotated by 90°, to illustrate their 3-dimensional arrangement and 
binding interface. Likewise, the right panels depict the detailed interaction between BAHCC1BAH and SAP30. Right panel 1 shows a zoomed-
in view of the dashed box highlighted in the central panel, while right panel 2 displays orthogonal views rotated by 90° to illustrate the binding 
interface. D, CUT&Tag heatmaps of BAHCC1, RBBP7, RBBP4, and SAP30 in HAoSMCs. One of 2 independent repeat experiments is shown. E, 
Genome coverage maps of BAHCC1, RBBP7, RBBP4, and SAP30. F, Distribution of BAHCC1, RBBP7, RBBP4, and SAP30 peaks in different 
regions of the human genome. G, IGV plots showing cooccupancy of BAHCC1, RBBP7, RBBP4, and SAP30 in the LMO7 gene transcription 
start site (TSS) region (boxed) in HAoSMCs. H, Enrichment of RBBP7, RBBP4, and SAP30 at LMO7 in HAoSMCs infected with LV-shRNA-
SCR or LV-shRNA-BAHCC1, assessed by ChIP-qPCR. Quantification: 2-way ART ANOVA with Holm post hoc test (adjusted P values are shown 
on the graph), n=4 independent repeat experiments. I, Proliferation assay of HAoSMCs transfected with siRNA-Ctrl or siRNA-RBBP7, siRNA-
RBBP4, or siRNA-SAP30, with or without FBS stimulation. Quantification: Kruskal-Wallis test with Benjamini-Krieger-Yekutieli post hoc correction 
(adjusted P values are shown on the graph); n=4 independent repeat experiments. J, IGV plots showing cooccupancy of BAHCC1, RBBP7, 
RBBP4, and SAP30 in the CDKN1B gene (P27) TSS region (boxed) in HAoSMCs. K, ChIP-qPCR indicating enrichment of BAHCC1 at P27 
in HAoSMCs with or without PDGF-BB and enrichment of RBBP7, RBBP4, and SAP30 at P27 in HAoSMCs infected with LV-shRNA-SCR or 
LV-shRNA-BAHCC1. Quantification: 2-way ART ANOVA with Holm post hoc test (adjusted P values are shown on the graph); n=4 independent 
repeat experiments. All data are presented as mean ± SEM. TTS indicates transcription termination site; and UTR, untranslated region.
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rs6565564 are labeled, and correlated with the BAHCC1 CUT&Tag peaks at the BAHCC1 locus. C, Expression quantitative trait loci 
(eQTL) plot. Normalized effect size (NES) values are indicated by circle size. P values are indicated by color. D, A BAHCC1 variant 
(rs4969440) from the Million Veteran Program meta-analysis showing a suggestive association with atherosclerosis (P=1.8×10−06). BP 
indicates blood pressure.
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